Phosphate increased glyphosate uptake and decreased its toxicity in willows 
Abstract
Phosphate (PO 4 3- ) has been shown to increase glyphosate uptake by willow, a plant species known for its phytoremediation potential. However, it remains unclear if this stimulation of glyphosate uptake can result in an elevated glyphosate toxicity to plants (which could prevent the use of willows in glyphosate-remediation programs). Consequently, we studied the effects of PO 4 3-on glyphosate uptake and toxicity in a fast growing willow cultivar (Salix miyabeana SX64). Plants were grown in hydroponic solution with a combination of glyphosate (0, 0.001, 0.065 and 1 mg l -1 ) and PO 4 3-(0, 200 and 400 mg l -1 ). We demonstrated that PO 4 3-fertilization greatly increased glyphosate uptake by roots and its translocation to leaves, which resulted in increased shikimate concentration in leaves. In addition to its deleterious effects in photosynthesis, glyphosate induced oxidative stress through hydrogen peroxide accumulation.
Although it has increased glyphosate accumulation, PO 4 3-fertilization attenuated the herbicide's deleterious effects by increasing the activity of antioxidant systems and alleviating glyphosateinduced oxidative stress. Our results indicate that in addition to the glyphosate uptake, PO 4 3-is involved in glyphosate toxicity in willow by preventing glyphosate induced oxidative stress.
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INTRODUCTION
Glyphosate [N-(phosphonomethyl)glycine] is a systemic, non-selective and broadspectrum herbicide for controlling both annual and perennial weeds. Since the introduction of glyphosate-resistant (GR) plants, it has been the most widely used herbicide worldwide [1] . Its half-life under laboratory conditions can range from 30 to 40 days [2] [3] [4] , but in the field can vary from 2 to 197 days [5] . Although it has been found to be quickly degraded by microbial activity [6] , its combined ability to adsorb to soil particles and to disperse throughout the soil profile contribute to its accumulation in soils [7] . In this context, it is important to consider soil physicochemical characteristics when evaluating both glyphosate accumulation and mobility.
Among soil proprieties, phosphorous (P) content has been considered one of the key factors controlling glyphosate availability [8] . Inorganic phosphate (PO 4 3- ) and glyphosate's methylphosphonic group compete for similar adsorbing sites [9, 10] , and, as a result, glyphosate sorption and its availability in soil solution are determined by the soil's capacity to adsorb PO 4 3- .
Phosphorous is an essential nutrient, participating in crucial metabolic events, such as energy transfer and protein metabolism in plants [11] , and PO 4 3-fertilization of soil is a common agricultural practice to assure plant growth and development [12] . PO 4 3-fertilization of agricultural fields submitted to glyphosate application may invariably influence the herbicide's bioavailability in soil solution, since the two compete for soil adsorbing sites [13] . Like PO 4 3-, glyphosate has high water solubility [6] and can easily be transferred to aquatic systems through runoff. Agriculture thus represents a potential source of both PO 4 3-and glyphosate for aquatic ecosystems. Glyphosate presence in the environment has been observed and its hazardous effects on non-target organisms have been described [14] . Such findings have led to the realization that techniques to reduce glyphosate leaching from agricultural soils and clean up glyphosateenriched soils must be developed. In this context, the use of riparian buffer strips (RBS)
composed of fast growing species may constitute an alternative approach for limiting the migration of such agricultural wastes into adjacent waterways. Willows in RBS have been shown to be highly effective at retaining water contaminants such as phosphorus [15] , and their potential to attenuate glyphosate runoff specifically has been studied in agricultural sites in Quebec (Canada) [16] . Once desorbed and mobile in soil solution, glyphosate becomes available for root uptake [7] . By retaining the herbicide in their tissues, willows in RBS can then reduce glyphosate bioavailability and its runoff to aquatic ecosystems. Moreover, these plants can be harvested following short rotation cycles and used for bioenergy production [17, 18] , helping to remove the contaminant from the environment.
Situated at the interface of agricultural lands, plants in RBS can be submitted to both glyphosate and PO 4 3-runoff. Much as glyphosate and phosphate compete on soil adsorption sites, they vie for access to membrane carriers [19, 20] . In some plant species, PO 4 3-regulates glyphosate uptake [20] and translocation [21] . Recently, we showed that addition of PO 4 3- increased glyphosate uptake by willow roots, a result that was related to the increased membrane cell stability of roots exposed to glyphosate under PO 4 3-treatment [22] . Consequently, we hypothesized that the ability of willow to phytoremediate glyphosate in RBS could be increased by PO 4 -3 . However, as a glyphosate-sensitive plant, willow can suffer herbicidal effects, which can undermine their potential efficacy as components of a RBS. Therefore, the following question arises: can PO 4 -3 -stimulated increase in glyphosate uptake result in increased glyphosate toxicity to willow?
Glyphosate's herbicidal effects are linked to the inhibition of the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), which prevents the biosynthesis of aromatic amino acids in plants [23] . As a result of EPSPS inhibition, shikimate accumulation occurs, and its concentration has been used as a bioindicator of glyphosate exposure in plants [7] . As recently discussed by Gomes et al. (2014a) , glyphosate can also indirectly affect other plant physiological processes such as photosynthesis, inducing oxidative stress. In addition to its role in glyphosate uptake, PO 4 3-may play a role in plant response to the herbicide, as it can help them avoid some of the contaminant's deleterious effects. For example, it was observed that by increasing PO 4 3-uptake, plant tolerance to arsenate (which, like glyphosate, is chemically similar to PO 4 -3 ) is increased through activation of antioxidant systems, preventing oxidative burst induced by the trace-element [25, 26] .
In this study, we evaluated the effects of addition of PO 4 3-on glyphosate toxicity and uptake capacity in a fast growing willow cultivar (Salix miyabeana SX64). This cultivar's rapid, voluminous biomass production, associated with its high tolerance to stress factors (i.e., soil contamination by metals and organic pollutants) [27] , together constitute important features of plant species being considered as candidates for phytoremediation programs [28] , particularly in the context of riparian buffer strips. container (a total of nine plants/treatment/day) were harvested and divided into root and shoot fractions. The fractions were washed thoroughly with distilled water and their fresh biomass was measured. Then, the samples of the seventh (first fully expanded leaf from apex) to ninth leaves and roots of plants from the same container were pooled (to assure sufficient biomass for evaluations), to constitute one replicate, for a total of three replicates/treatment/day. These samples were immediately frozen in liquid nitrogen and stored at -80 ºC
MATERIAL AND METHODS

General plant growth conditions and harvesting
Cuttings of the
Chemical analyses
For phosphorus evaluation, 0.1 g of leaves or roots were digested in 5 ml of concentrated HNO 3 (GR) in a microwave oven (ETHOS 1, Milestone Italy), at 175 ºC for 10 min. Then, the solutions were cooled, filtered through Whatman nº40 filter paper and brought to a volume of 10 ml with ultra-pure water. The filtered extracts were preserved at 4 ºC until analysis. Phosphorus concentrations in solution were evaluated according to Sarruge and Haag [35] .
Glyphosate and AMPA extraction-purification was performed following Goscinny et al. 
Physiological evaluations
For chlorophyll fluorescence measurements, samples from the first, second and third fully expanded leaves (seventh to ninth leaves from the apex) were first dark-acclimated for 20 min and chlorophyll fluorescence emission was assessed using a pulse-amplitude modulation (PAM) fluorometer (model PAM-2500, WALZ, Effeltrich, Germany). A rapid light curve (RLC)
analysis was performed according to Juneau et al. [38] . Saturating pulses were triggered at 0. [43] ) and glutathione peroxidase (GPX; E.C. 1.11.1.9 [44] ) were measured by standard procedures.
Statistical analyses
Results were expressed as the averages of three replicates. Statistical analyses were performed using JMP software 10.0 (SAS Institute Inc). Results were submitted to normality (Shapiro-Wilk) and homogeneity (Brown-Forsythe) tests and then were statistically evaluated.
Univariate repeated measures ANOVA, with Time as the within-subject factor and Glyphosate and Phosphate addition as the main effects, was used to analyze differences in the studied variables throughout the time of exposure to the treatments. Phosphate, glyphosate and the interaction between phosphate and glyphosate were included within the model. The sphericity of the data was tested by the Mauchly's criteria to determine whether the univariate F tests for the within-subjects effects were valid. In cases of invalid F, the Greenhouse-Geisser test was used to estimate epsilon (ε). Contrast analysis was used when there were significant differences in the studied variables between treatments (Table 1S and 2S).
RESULTS
Total phosphorus, Glyphosate and AMPA concentrations in plant tissues
Phosphorus concentrations in roots and leaves were increased by phosphate addition (hereafter referred simply as PO 4 -3 ), regardless of the glyphosate concentration and duration of exposure ( Fig. 1) . A significant interaction between time of exposure and glyphosate was observed for phosphorus concentrations in roots and leaves. Indeed, the reduction of phosphorus concentration in plant tissues was less reduced over time in glyphosate treated plants (P < 0.05).
Glyphosate concentration in roots and leaves was higher for the first time of evaluation ( 
Physiological evaluations
Photosynthesis
A significant interaction between time of exposure, glyphosate and PO 4 3-addition was observed for operational PSII quantum yield (Ф' M ) (Table 2S ). In plants treated with PO 4 3-, Ф' M was always greater after seven days of exposure regardless of the glyphosate and PO 4 3-addition (Fig. 4) . After two days of treatment, PO 4 3-decreased the operational PSII quantum yield (Fig. 4) whereas glyphosate addition increased yield in plants not fertilized with PO 4 -3 (Fig. 4) . In contrast, yield decreased in plants treated with 400 mg PO 4 3-l -1 as glyphosate doses increased (Fig. 4) . After three days of exposure, PO 4 3-increased Ф' M of glyphosate-treated plants (Fig. 4) .
Similarly, after seven days of treatment induction, PO 4 3-increased Ф' M of plants subjected to 1 mg glyphosate l -1 (Fig. 4) .
Shikimate concentration in leaves
Regardless of the duration of evaluation periods (2, 3 and 7 days), shikimate concentration in leaves was greater in glyphosate-treated plants (P > 0.01; Fig. 3 ). A significant interaction was observed between glyphosate and PO 4 3-addition (P = 0.0002 * ), and PO 4 3-increased shikimate concentration in leaves of plants treated with glyphosate (Fig. 4) .
Hydrogen peroxide (H 2 O 2 ) concentration in leaves
Hydrogen peroxide concentration was always greater in leaves of glyphosate-treated plants, regardless of the duration of evaluation (P > 0.01; Fig. 4 (Fig. 4) . In contrast, after three days of exposure, PO 4 3-significantly decreased H 2 O 2 concentration in leaves of glyphosate-treated plants (Fig. 4) . After seven days of exposure to the highest glyphosate treatment (1 mg l -1 ), the addition of 400 mg PO 4 3-l -1 increased H 2 O 2 concentration in leaves (Fig. 4) .
Antioxidant enzymes
A significant interaction between glyphosate and PO 4 3-addition was observed for MDA content (lipid peroxidation) of roots (P < 0.0001). PO 4 3-decreased lipid peroxidation in roots of glyphosate-treated plants (Fig. 5 ). Glyphosate addition increased catalase (CAT), ascorbate peroxidase (APX), and glutathione peroxidase (GPX) activity in roots (P < 0.0001; Fig. 5 ). A significant interaction between time of exposure, glyphosate and PO 4 3-addition was observed for APX activity in roots (Table 2S) , which was increased by PO 4 3- . Moreover, APX activity in roots was lower after two days of exposure in PO 4 3-fertilized plants treated with glyphosate(P = 0.0003). On the other hand, GPX activity in roots was increased by PO 4 3-for all evaluation times (Fig. 5) .
While CAT activity of leaves (P < 0.05) was not affected by PO 4 -3 , it was increased by glyphosate addition for all treatment durations (P < 0.0001; Fig. 6 ). A significant interaction between time of exposure, glyphosate and PO 4 3-addition was observed for APX activity (Table   2S ). PO 4 3-fertilized plants exposed to glyphosate showed lower APX activity for the first time of evaluation. After two days of exposure, APX activity in leaves of glyphosate-treated plants was decreased by PO 4 3- (Fig. 6 ). However, after three or seven days, APX activity in plants treated with glyphosate was increased by PO 4 3- (Fig. 6 ). Glyphosate addition increased GPX activity in leaves (Fig. 6 ).
DISCUSSION
Agricultural soils are subjected to frequent fertilization with PO 4 -3 and application of glyphosate-based herbicides [45] . The influence of soil P content on glyphosate uptake by plants has been investigated previously [20] [21] [22] . Here, we demonstrated that, in addition to glyphosate uptake ( Figs. 2 and 3 ), PO 4 3-also has an impact on its toxicity, modulating physiological responses related to growth and biomass production, such as photosynthesis (Fig. 4) .
As expected, PO 4 3-fertilization increased P concentration in roots and leaves of willows (Fig. 1) . The P-phytoremediation capacity of willow has been already reported [46] [47] [48] , and therefore, was not the focus of our study. However, we demonstrated here that the higher P concentration found in PO 4 3-fertilized plants may have a role in the plant's physiological responses to glyphosate. It is widely reported that increased P nutrition in plants under stress has beneficial effects on physiology [25, 49] , but to our knowledge, no information exists on about the effects of PO 4 3-fertilization on glyphosate toxicity. Interestingly, we noticed higher P nutrition in glyphosate treated plants. Recently we demonstrated that PO 4 3-fertilization increased glyphosate uptake by willow roots [22] , but now, we see also increased P concentrations in the plant tissues in response to glyphosate. In this case, glyphosate could increase the P-requirement in plant tissues, as P was seen to alleviate glyphosate-deleterious effects, such as root injuries and lipid peroxidation, in willow plants [22] . By increasing the expression of P-transporters in root cell membranes, glyphosate could increase P nutrition in plants, however this hypothesis should be further investigated.
The time of exposure had significant effect on some physiological parameters studied (biomass production, shikimate and H 2 O 2 contents and in the activity of photosynthesis-Ф' M -and some antioxidant enzymes), but this factor mainly have an effect on the glyphosate concentration in plant tissues. Indeed, glyphosate concentrations were higher after two days of exposure in plants treated with glyphosate doses ≥ 0.065 mg l -1 ( Fig. 2 and 3) . One can argue that this could be related to the increase in biomass production over the time. However, glyphosate total accumulation was greater after two days of exposure (Table 1) . It is important to note that glyphosate accumulation takes into account the total biomass production of plants (Equation 1).
Therefore, we can assume that the glyphosate uptake by roots was greater during the first two days of exposure due to high diffusional pressure leading to efficient transport of the herbicide [20] inside the root cells. This has important outcome as the plant physiology was directly responsible to the glyphosate uptake (as discussed below). For the lowest glyphosate concentration (0.001 mg l -1 ), we did not observe a significant influence of PO 4 3-on glyphosate uptake by roots, as is evident in total accumulation levels (P<0.05; Table 1 ). Due to their chemical similarities, glyphosate and PO 4 3-share the same membrane transport carriers [19, 20] .
These costly energetic transporters have been shown to be involved in glyphosate uptake primarily at low glyphosate concentrations (< 0.032 mg l -1 ) [20] . Therefore, the absence of PO 4 3-influence on glyphosate uptake by roots under lower glyphosate concentrations (0.001 mg l -1 )
could be related to their competition for root-absorbing sites. However, under higher glyphosate concentrations (> 0.001 mg l -1 , in this study), a linear diffusional process is superimposed upon the active uptake of glyphosate [20] . In such a scenario, PO 4 3-can indeed influence glyphosate uptake, as observed in the present study (Figs. 2, 3 and Table 1 ), but, how can PO 4 3-increase glyphosate uptake by roots?
It was previously shown that P has a protective effect against oxidative damage induced by trace-elements, through a P-induced increase in antioxidant system activity [25, 50] . In our study, plants submitted to glyphosate showed darker and thicker roots in relation to control (data not shown), recognized visual symptoms of stress [51] [52] [53] . Since glyphosate is known to induce oxidative damage in plants [54, 55] , we investigated oxidative stress markers to elucidate whether the process of glyphosate uptake by roots induces oxidative stress, and to evaluate the possible protective role of PO 4 3-in willow roots.
The increased lipid peroxidation and activation of enzymatic antioxidant systems in glyphosate-treated plants (Fig. 5) clearly indicate the presence of herbicide induced oxidative stress in roots. However, PO 4 3-was found to decrease glyphosate-induced oxidative damage by increasing the activity of enzymatic antioxidant systems, mainly ascorbate peroxidase (APX) and glutathione peroxidase (GPX) (Fig. 5) . Plants showing high APX and GPX activity also showed decreased lipid peroxidation in roots (Fig. 5) . As for catalase (CAT), APX and GPX are involved in scavenging hydrogen peroxide (H 2 O 2 ), a reactive oxygen species (ROS) whose accumulation leads to oxidative damage, i.e., lipid peroxidation [56] . Lipid peroxidation is an irreversible burst process leading to cell membrane destruction, with direct impact on cell membrane constitution and stability [57] . Therefore, by stimulating antioxidant systems, PO 4 3-alleviated glyphosateinduced oxidative stress, ensuring the stability of cell membranes, and then allowing glyphosate diffusion and uptake through roots.
Interestingly, we observed the presence of AMPA (Fig. 2) , the principal glyphosate byproduct [58] , in roots of plants exposed to glyphosate. We also detected the presence of AMPA in the growth solution at 2, 3 and 7 days after treatment induction (data not shown), which could be related to glyphosate degradation by microbial activity (as the systems used were not in axenic condition). The uptake of AMPA could explain its presence in root tissues, however, the concentration observed in the growing solution was very low ( 1.1 µg l -1 for the highest glyphosate treatment) in relation to root AMPA concentrations (Fig. 2) . This evidence suggests that willow plants were able to degrade glyphosate to AMPA through glyphosate oxidase enzyme activity, as already observed in several plant species [59] . The presence of AMPA in concentration in leaves indicates that, as for glyphosate, AMPA was translocated from roots to shoots and/or that glyphosate was also metabolized in leaves. In contrast to glyphosate, the addition of PO 4 3-had no obvious effect on AMPA concentrations in roots and leaves (Figs. 2 and 3). However, as a glyphosate metabolite, AMPA was considered in the calculation of total glyphosate accumulation, in which PO 4 3-had a significant effect, as noted previously.
Once in leaves, glyphosate interferes in with the shikimic acid pathway by inhibiting EPSPS activity, resulting in accumulation of shikimate [23] . We observed shikimate accumulation in glyphosate-treated plants (Fig. 3) . Moreover in these plants, PO 4 3-increased shikimate concentration, which may be due to the greater glyphosate concentration in leaves of PO 4 3--treated plants (Fig. 4) . Therefore, we would expect that the increased glyphosate concentration in leaves associated with PO 4 3-would amplify the deleterious effects of glyphosate on leaf physiology. Indeed, after two days of exposure, we observed that, in the presence of glyphosate, PO 4 -3 -fertilized plants showed decreased photosynthesis (as measured by the operational PSII quantum yield, Fig. 4 ). However, this pattern was inversed at the following measurement occasion (day 3) and, after 7 days, PO 4 -3 -fertilized plants showed higher or nosignificantly different rates of photosynthesis in relation to control (Fig. 4) . We recently showed that glyphosate-induced ROS generation is implicated in decreased rates of photosynthesis [60] .
Increased H 2 O 2 concentration was observed in leaves of plants treated with glyphosate (P<0.05; Fig. 4 ), indicating herbicide-induced ROS generation in leaves. Moreover, similar to our findings in a previous study [60] , increased H 2 O 2 concentration higher than ~2 µg g FW -1 in leaves was related to decreased operational PSII quantum yield (Fig. 4) . H 2 O 2 is an important signaling molecule [61] , however, once accumulated, it interferes with several plant metabolic pathways.
For example, by suppressing the synthesis de novo of photosystem II D1 protein [62] or by inducing destruction of chloroplast membrane systems through lipid peroxidation [63] and GPX [56] . CAT activity was found to have increased in glyphosate-exposed plants, however, it was not affected by PO 4 3- (Fig. 6 ). In contrast, APX and GPX activity were modulated by PO 4 3- , and an intrinsic implication of these enzymes (mainly APX) in the fine control of H 2 O 2 concentration in leaves was noted (Fig. 6 ). After two days of exposure, APX activity was lower in those glyphosate-treated plants exposed to PO 4 3- induced the activity of enzymatic antioxidant systems, which controlled the ROS generation induced by the herbicide, ultimately ensuring normal photosynthesis rates.
CONCLUSION
In the present study, we clearly demonstrated the potential as a glyphosate uptake species of S. miyabeana cultivar SX64. We have also shown here that phosphate fertilization influenced glyphosate uptake and toxicity in willow. By increasing the activity of antioxidant systems and alleviating glyphosate-induced oxidative stress in both roots and leaves of willow plants, fertilization with PO 4 3-increased glyphosate accumulation and protected photosynthetic activity.
It remains however unclear how PO 4 3-can induce increases in the activity of antioxidant systems.
Extracellular PO 4 3-has been shown to be a signaling molecule affecting the expression of several genes in Murine osteoblasts [64] . Likewise, PO 4 3-could also modulate the expression of antioxidant enzymes genes in plants, but further studies are required.
As a result of their capacity to uptake glyphosate willows may be considered as a potential species to compose efficient riparian buffer strips. At the interface of agricultural lands, plants are submitted to agricultural discharge, such as herbicides (glyphosate) and phosphate runoff. As shown here, the positive interaction between phosphate and glyphosate increases the capacity of willows to uptake herbicides, which could therefore prevent or mitigate the effects of the discharge of this herbicide into aquatic ecosystems. Since in natural environment conditions are not controlled as it was here, we cannot confirm the glyphosate phytoremediation ability of willows. However, our results showing an influence of PO 4 3-on glyphosate uptake and toxicity in willow, pave the path for new studies addressing the influences of the soil proprieties (physical, chemical and biological characteristics) and environmental factors (i.e, temperature and light) on the willow's ability to uptake glyphosate. 
